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ABSTRACT 
The mechanical  p r o p e r t i e s  o f  mu1 t i p a s s .  h i g h - s t r e n g t h  s t e e l  . 
weld m e t a l s  depend upon s e v e r a l  f a c t o r s ,  among t h e  most i m p o r t a n t  
be ing  1 )  t h e  i n t e r a c t i o n  between the  a l l o y  composi t ion  and weld 
‘metal c o o l i n g  r a t e  w h i c h  d e t e r m i n e s  t h e  a s - d e p o s i t e d  m i c r o - s t r u c t u r e  , 
and 2 )  the  thermal  e f f e c t s  o f  subsequent p a s s e s  on each  under -  
l y i n g  pass  which a l t e r  t h e  o r i g i n a l  m i c r o s t r u c t u r e .  The b u l k  
p r o p e r t i e s  o f  a m u l t i p a s s  weld a r e  t h e r e f o r e  governed by both t h e  
i n i t i a l  m i c r o s t r u c t u r e  o f  each  weld p a s s  and i t s  subsequent thermal  
h i s t o r y .  Data o b t a i n e d  f o r  a h i g h - s t r e n g t h  low-a l loy  s t e e l  weld 
J 
metal  have conf i rmed t h a t  a simple c o r r e l a t i o n  e x i s t s  between 
mechanical  p r o p e r t i e s  and w e l d i n g  c o n d i t i o n s  i f  t h e  l a t t e r  a r e  i n  
w 
turn c o r r e l a t e d  a s  weld c o o l i n g  r a t e .  
T h i s  r e p o r t  summarizes t h e  r e s u l t s  o f  bo th  m e t a l l o g r a p h i c  
J a n a l y s i s  and t e n s i l e  t e s t s  o f  weld metal  s y n t h e t i c a l l y  s u b j e c t e d  
t o  t h e  thermal  h i s t o r y  o c c u r r i n g  i n  2 - i n .  GMA weldments made 
a t  both t h e  lower-  and upper- l imit  of  t h e  p r a c t i c a l  range o f  
ene rgy  i n p u t - p l a t e  t e m p e r a t u r e  c o n d i t i o n s .  The y i e l d  s t r e n g t h  
o f  t h e  weld metal  d e p o s i t e d  a t  40 k j / i n - 2 0 0 ° F  and a f t e r  subsequen t  
a u s t e n i t i z i n g  i s  a p p r o x i m a t e l y  175  ksi .  F u r t h e r  exposure o f  t h i s  
f u l l y  m a r t e n s i t i c  weld metal  t o  peak t e m p e r a t u r e s  i n  t h e  i n t e r -  
c r i t i c a l  range  formed s i g n i f i c a n t  amounts o f  f e r r i t e  w h i c h  reduced 
t h e  y i e l d  s t r eng th  t o  1 4 0  k s i .  F u r t h e r  thermal  t r e a t m e n t s  a t  
s e v e r a l  s u b - c r i t i c a l  tempering t e m p e r a t u r e s  produced marked c a r b i d e  
s p h e r o i d i z a t i o n  and agg lomera t ion  b u t  no change i n  y i e l d  s t r e n g t h .  
The r e s u l t a n t  f i n a l  m i c r o s t r u c t u r e  was t h e r e f o r e  a mix tu re  o f  f e r r i t e  
and tempered m a r t e n s i t e  having  a y i e l d  s t r eng th  o f  approx ima te ly  
I !  
1 4 0  k s i .  L _=.- 
The weld metal deposi ted a t  60 kj/in-300°F was cooled a t  
r a t e s  slow enough t o  cause t ransformat ion  t o  p roeu tec to id  f e r -  
f i t e  a n d  poss ib ly  upper b a i n i t e ,  the  combination o f  which prod'uced 
a y i e l d  ' s t rength o f  1 5 2  ksi.  Reaus t en i t i z ing  t h i s  as-deposi ted 
s t r u c t u r e  lowers t h e  y i e l d  s t r e n g t h  t o  144 ksi due t o  t h e  a d d i t i o n a l  
f o r m a t i o n  o f  f e r r i t e  and b a i n i t e .  
i n t e r c r i t i c a l  region produced more f e r r i t e  and a decrease  i n  
Subsequent cyc l ing  w i t h i n  t h e  
y i e l d  s t r e n g t h ' t o  137 k s i .  
w e l d  metal depos i ted  a t  60 k j / i n -300°F  i s  t h u s  comprised o f  
tempered ma'r tensi te ,  f e r r i t e  a n d  tempered b a i n i t e ,  t h e  l a t t e r  
t w o * c o n s t i t u e n t s  account ing for the  lower s t r e n g t h  o f  weld metal 
The s t r u c t u r e  o f  m u l t i p a s s  AX-140 
deposi ted a t  r e l a t i v e l y  h i g h  energy i n p u t s .  
i' . :. 
_ I  
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INTRODUCTION 
The mechanical p r o p e r t i e s  o f  h igh-s t rength  low-alloy s t e e l  
weld metals a r e  inf luenced  by many f a c t o r s .  Probably t h e  most 
s i g n i f i c a n t  fac . tors  . w i t h  a l l o y s  designed t o  produce y i e l d  
s t r e n g t h s  i n  t h e  range o f  100-150 ksi  a r e  t h e  composi t ion,  t h e  
s o l i d i f i c a t i o n  s u b s t r u c t u r e ,  and t h e  s o l i d  s t a t e  t r ans fo rma t ions  
occur r ing  d u r i n g  b o t h  t h e  i n i t i a l  coo l ing  and t h e  mul t ip l e  
thermal c y c l e s  r e s u l t i n g ' f r o m  subsequent passes  i n  a mul t ipass  
weld. A l t h o u g h  t he  importance o f  t h e  f i r s t  two parameters can- 
n o t  be ignored,  t h e  l a t t e r  t w o  a r e  o f  s p e c i a l  i n t e r e s t  s i n c e  
they can be c o n t r o l l e d  r e a d i l y  by proper  s e l e c t i o n  o f  welding 
parameters .  Several  s t u d i e s  ( 1 , 2 )  have shown t h a t  t h e  y i e l d  
s t r e n g t h s  o f  such weld metals a r e  decreased markedly when r e l a -  
I t i v e l y  h i g h  l e v e l s  of welding energy-input  and/or  p l a t e  preheat  
temperature a r e  used, A s  a r e s u l t  o f  these-  i n v e s t i g a t i o n s ,  
recommended ranges o f  weldihg cond i t ions  have been s p e c i f i e d  
for each composition o f  weld metal i n  o rde r  t o  achieve s a t i s f a c t o r y  
mechanical p r o p e r t i e s .  
A n  a n a l y s i s  o f  da ta  generated i n  a s e r i e s  o f  AX-140  welds 
has s h o w n  t h a t  a 'simple c o r r e l a t i o n  e x i s t s  between weld-metal 
s t r e n g t h  and welding cond i t ions  i f  t h e s e  cond i t ions  a r e  expressed 
as  t h e  corresponding weld cool ing  r a t e s  ( 1 ) .  When i n t e r p r e t e d  i n  
t h i s  f a sh ion ,  i t  i s  c l e a r  t h a t  r ap id  l o s s e s  i n  s t r e n g t h  occur  
when the  weld metal i s  depos i ted  w i t h  cond i t ions  causing cool ing  
r a t e s  slower than a c e r t a i n .  c r i t i c a l  l e v e l .  The mechanism 
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commonly p o s t u l a t e d  t o  exp la in  t h i s  pronounced s o f t e n i n g  has been 
the formation o f  n o n - m a r t e n s i t i c  m i c r o c o n s t i t u e n t s .  Knowledge 
of t h e  continuous-cool i n g  t r ans fo rma t ion  c h a r a c t e r i s t i c s  have 
. . .  
t h u s  enabled t h e  minimum-allowable cool ing  r a t e  t o  be def ined .  
T h i s ,  i n  t u r n , a l l o w s  one t o  d e f i n e  t h e  combination o f  welding 
energy i n p u t  and prehea t  tempera ture  fo r  a g i v e n  p l a t e  t h i c k n e s s  
t o  avoid t h e  formation o f  a weak phase dur ing  t h e  i n i t i a l  coo l ing  
o f  each weld pass .  However, t h i s  informat ion  i s  incomplete s i n c e  
every pass i n  a m u l t i p a s s  weldment i s  " h e a t - t r e a t e d "  by t h e  
thermal c y c l e s  caused by subsequent ly-depos i ted  passes .  T h u s  t h e  
r e s u l t a n t  mechanical p r o p e r t i e s  o f  a mul t ipass  weld must be 
governed a s  much by t h e  m i c r o s t r u c t u r a l  changes produced by 
r e p e t i t i v e  thermal t r ea tmen t s  o f  t h e  i n i t i a l l y - d e p o s i t e d  s t r u c -  
t u r e s  as they  a r e  by t h e  c h a r a c t e r i s t i c s  o f  t h e  i n i t i a l  s t u r u c t u r e .  
The r e a l  ques t ion  t o  be answered i s  whether t h e  s t r e n g t h - l i m i t i n g  
f a c t o r  i s  predominantly t h e  i n i t i a l l y - f o r m e d  s t r u c t u r e  or t h e  
h e a t - t r e a t i n g  e f f e c t  o f  subsequent thermal c y c l e s .  
! 
The purposes o f  t h i s  program have been ( a )  t o  determine 
t h e  m i c r o s t r u c t u r e s  o f  as-depos i ted  GMA weld metal made a t  
t y p i c a l  low- and high-energy i n p u t s  and t o  de f ine  t h e i r  e f f e c t  
on mechanical p r o p e r t i e s ,  a n d  ( b )  t o  determine t h e  changes 
o c c u r r i n g  i n  t h e s e  m i c r o s t r u c t u r e s  and the f i n a l  mechanical proper -  
t i e s  a s  a r e s u l t  o f  t h e  thermal c y c l i n g  i n  mul t ipass  weldments. 
The l a t t e r  e f f e c t s  were s t u d i e d  w i t h  m in ia tu re  weld metal s p e c i -  
mens each o f  which conta ined  o n l y  t h a t  m i c r o s t r u c t u r e  c h a r a c t e r i z i n g  
a p a r t i c u l a r  s e t  o f  weld thermal c y c l e s ,  and which were used t o  
I 4694 
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determine the sequential changes in the properties o f  a s p e c i f i c  





EX PER I MENTAL PROCEDURE 
Experiments were d e s i g n e d  t o  reproduce s y n t h e t i c a l l y  the 
m e t a l l u r g i c a l  a n d  mechanical p rope r ty  changes o c c u r r i n g  i n  
a s -depos i t ed  w e l d  metal a s  t h e  r e s u l t  of mu l t ipas s  welding. 
, M i c r o s t r u c t u r a l  changes were studiled u s i n g  convent iona l  o p t i c a l  
and e l e c t r o n  microscopy techniques, '  
determined u s i n g  m i n i a t u r e  t e n s j l e  sp.ecimens i n i t i a l l y  machined 
from a c t u a l  w e l d  pas ses  depos i t ed  a t  s p e c i f i c  welding c o n d i t i o n s  
(see Tab\< 
hand then subjected t o  thermal c y c l e s  t y p i c a l  o f  2 - i n .  t h i c k  m u l t l -  
T e n s i l e  p r o p e r t i e s  were 
I 
p a s s  welds. 
a l l  specimens, t hey  were taken from an AX-140 weld pad a s  shown 
To i n s u r e  an e s s e n t i a i l y  i d e n t i c a l  composition i n  
i n  F i g .  1 ,  t o  avoid  d i l u t i o n  w i t h  t h e  base p l a t e .  Table  2 shows 
the  chemical a n a l y s i s  o f  both s e t s  o f  specimens and confirms 
t h a t  i d e n t i c a l  a n a l y s e s  were obtaimed. 
d e p o s i t e d  on 2 - in ,  t h i c k  HY-l30(T) p l a t e  t o  insure t h a t  heavy 
p l a t e  c o o l i n g  c o n d i t i o n s  e x i s t e d .  The weld d e p o s i t s  were spaced 
s u f f i c i e n t l y  f a r  a p a r t  t o  insure t h a t  t h e  thermal  e f f e c t s  caused 
The AX-140 weld pad was 
by one weld d e p o s i t  would n o t  a f f e c t  those a l r e a d y  made. To 
i n s u r e  t h a t  t h e  specimens c o n s i s t e d  e n t i r e l y  o f  as-depos i ted  beads,  
t r a n s v e r s e  s e c t i o n s  of  t h e  rough-machined blanks were g r o u n d  and 
e tched  t o  l o c a t e  t he  specimen c e n t e r  fo r  f i n a l  machining. 
The f in i sh-machined  spe.cimens were h e a t - t r e a t e d  i n  t h e  
Duffers"Gleeb1e (3 )  and s u b j e c t e d  t o  t h e  thermal c y c l e s  recorded 
when d e p o s i t i n g  mul t ipas s  welds a t  40 kj/in-200°F and 60 k j / in -300°F.  
The s p e c i f i c  se ts  o f  peak tempera tures  t o  which the  specimens 
,- *\, 
were exposed a r e  presented below: i 
47a-= 
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PEAK T E M P E R A T U R E  OF T H E R M A L  C Y C L E S  P R O D U C E D  
WITHIN A TYPICAL PASS DURING MULTIPASS WELDING 
Energy I n p u t  Preheat  Temperature Peak Temperature OF 
40 k j / i n .  200OF 1890 - 1365 - 895 - 415 - 380 
60 k j / i n .  300° F 1900 - 1400 - 995 - 975 - 780 - 77C 
I t  s h o u l d  be n o t e d  t h a t  a l though thermal c y c l e s  having s i m i l a r  
1 
peak tempera tures  were observed a t  each s e t  of welding c o n d i t i o n s ,  
t h e  measured coo l ing  r a t e s  a r e  s i g n i f i c a n t l y  s lower a t  t h e  60 
kj/in-300°F c o n d i t i o n s .  
s t ruc t .u re s  were produced, as w i l l  be desc r ibed  i n  a fol lowing 
' .  
There fo re ,  s i g n i f i c a n t l y  d i f f e r e n t  micro- 
s e c t i o n  o f  t h i s  p a p e r .  The h e a t - t r e a t e d  specimens were machined 
t o  t h e  min ia tu re  t e n s i l e  specimen conf igu ra t ion  shown i n  F i g .  1 .  
The reduced s e c t i o n ,  0.092-in. l eng th  and 0 .045- in .d ia . ,  was 
machined so t h a t  t h e  pr ior  p o s i t i o n  of the con t ro l  thermocouple 
' (percussion-welded on t h e  specimen d u r i n g  Gleeble  hea t  t r e a t m e n t )  
was centered  wi th in  t h e  reduced gage l e n g t h .  T e n s i l e  t e s t s  were 
made with a s t anda rd  Ins t ron  t e s t i n g  machine a t  a c ros s -hea t  
t r a v e l  speed of  O.O2-in/min. 
The t e n s i l e  s t r e n g t h s  r epor t ed  were c a l c u l a t e d  from t h e  
maximum s u s t a i n e d  load and  t h e  i n i t i a l  sample c r o s s - s e c t i o n  a r e a .  
The reported 0.2% o f f se t  y i e l d  s t r e n g t h s  were es t imated  from t h e  
load-crosshead ex tens ion  d a t a  by assuming t h a t  t h e  crosshead 
t r a v e l  causes  uni form s t r a i n  only wi th in  t h e  reduced gage l eng th .  
i Analyses o f  the experimental  e r r o r s  i n  load measurement a n d  o f  
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one standard devia t ion  i n  measuring c ross -sec t ion  area ind ica ted  
a maximum e r r o r  o f  f 3% i n  the  r e su l t i ng  t e n s i l e  s t r eng th  da ta .  
Prior metallographic s tud ie s  and mechanical t e s t s  o f  thermally- 
cycled specimens showed t h a t  s i g n i f i c a n t  decreases i n  s t rength  
should be expected when the as-deposi ted welds a re  rehea t - t rea ted .  
T h i s  sof ten ing  could n o t  be explained by the  f o r m a t i o n  of ba in i t e  
r a the r  t h a n  martensi te  a6 ind ica ted  by the  accepted continuous 
cooling d i a g r a m  f o r  AX-140. 
c h a r a c t e r i s t i c s  were rechecked w i t h  t he  r a p i d  response, h i g h -  
Accordingly, t he  transformation 
reso lu t ion  dialatometer  of  the Duffers '  Gleeble. The net resolu-  
t i o n  o f  t h i s  system i n  combination w i t h  the  instrumentation o f  
temperature and  specimen d i l a t i o n  permitted volume changes o f  
0.05% t o  be detected i n  t he  0 .250- in .d iam.  specimens used. i 
A d d i t i o n a l  evidence o f  transformation was a l s o  o b t a i n e d  by the  
inverse cooling r a t e  method described i n  a subsequent sec t ion  O f  
t h i s  paper. 
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RESULTS A N D  DISCUSSION 
CONTINUOUS-COOLING DIAGRAM FOR AX0140 WELD METAL 
The AX-140 c o n t i n u o u s  c o o l i n g  t r a n s f o r m a t i o n  d iag ram o b t a i n e d  
i n  t h i s  i n v e s t i g a t i o n  i s  shown i n  F i g .  2 .  The s i g n i f i c a n t  d i f -  
ference i n  comparison t o  t h e  p r e v i o u s l y - a c c e p t e d  d iag ram,  i s  the  
a d d i t i o n  o f  a f e r r i t e - s t i r t  ( F s )  t r a n s f o r m a t i o n  l i n e .  The re -  
mainder o f  the  d iagram,  i . e . ,  t he  o c c u r r e n c e  o f  a mar tens i te -  
s t a r t - ( M s )  l i n e  a t  780°F a n d  an upper  b a i n i t e - s t a r t  ( B s )  l i n e ,  
i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  p u b l i s h e d  CCT diagram. Super -  
imposed on t h i s  f i g u r e  a r e  bands o f  i n i t i a l  c o o l i n g  c y c l e s  
measured a t  40 k j / i n . -200°F  a n d  60  k j / in . -300°F weld ing  c o n d i t i o n s .  
i According  t o  t h e s e  d a t a ,  a m a r t e n s i t i c  microstructure wil l  form 
d u r i n g  c o o l i n g  t o  room temperature when AX-140 w e l d  metal i s  
coo led  a t  r a t e s  equal  t o  o r  f a s t e r  t h a n  t hose  c h a r a c t e r i z i n g  t h e  
40 k j / i n . -200°F  weld ing  c o n d i t i o n s .  
metal is d e p o s i t e d  a t  t h e  s l o w e r - c o o l i n g  r a t e s  c h a r a c t e r i z i n g  
the  60 k j / in . -300°F w e l d i n g  c o n d i t i o n s ,  the  diagram p red ic t s  the  
fo rma t ion  o f  p r o e u t e c t o i d  f e r r i t e  prior t o  t h e  m a r t e n s i t e  t r a n s -  
However, w h e n  t h i s  we ld  
fo rma t ion  assumed t o  predominate .  Upper b a i n i t e  i s  an a d d i t i o n a l  
t r ans fo rma t ion  p roduc t  probably  formed d u r i n g  t h e s e  c o o l i n g  con-  
d i t i o n s .  The ne t  r e su l t  a t  room t e m p e r a t u r e  i s  a mixture  of  
f e r r i t e  a n d  upper b a i n i t e  i n  a p r e d o m i n a n t l y - m a r t e n s i t i c  m a t r i x .  
The i n f l u e n c e  o f  these  c o o l i n g  c o n d i t i o n s  u p o n  t h e  weld metal 
-1 0-  
morphology a n d  t e n s i l e  p r o p e r t i e s  was revea led  by c o n v e n t i o n a l  
rep1 i c a  e l e c t r o n  microscopy a n d  mechanical t e s t s  of  h e a t - t r e a t e d  
weld me ta l s .  
M E T A L L O G R A P H I C  A N D  MECHANICAL 
T H E R M A L L Y - C Y C L E D  WELD METALS 
PROPERTIES OF AS-DEPOSITED AND 
The t e n s i l e  a n d  y i e l d  s t rengths  of  t h e  as-deposi ted a n d  
I 
thermal ly-cyc led  welds a r e  p l o t t e d  i n  F i g .  3 as  a func t ion  o f  
t h e i r  cumulat ive thermal h i s t o r y  shown  schemat i ca l ly  a t  t he  
b o t t o m  o f  t h e  - f i g u r e .  B o t h  t h e  me ta l log raph ic  obse rva t ions  a n d  
t h e  s t r e n g t h  measurements o f  each weld metal were made i n  t h e  
a s -depos i t ed  c o n d i t i o n ,  a g a i n  a f t e r  t h e  as -depos i ted  specimens 
were r e a u s t e n i t i z e d  by a weld thermal cyc le  h a v i n g  a peak tempera- 
t u r e  o f  1900°F, a n d  a f t e r  each o f  t h e  subsequent  weld thermal 
c y c l e s .  The d a t a  t h u s  i n d i c a t e  t he  s e q u e n t i a l  changes i n  micro- 
1 
s t r u c t u r e  and  mechani c a l  p r o p e r t i e s  occur r ing  i n  t y p i c a l  under- 
l y t n g  passes i n  2 - i n .  mul t ipass  weldments made a t  b o t h  40 k j / i n . -  
200°F and 60  kj/ in.-300°F welding c o n d i t i o n s .  
In f luence  o f  40  k j / i n .  Energy I n p u t  and 2 O O 0 F  Preheat  
Temper a t  ure  
As s h o w n  a t  t h e  l e f t  o f  F i g .  3 ,  t h e  t e n s i l e  a n d  y i e l d  
s t r e n g t h s  o f  weld metal deposi-ted --__ a t  4 0  kj/ in.-200°F a r e  182  
and 1 7 7  k s i ,  r e s p e c t i v e l y .  
a f t e r  t he  sample was r e a u s t e n i t i z e d  a t  1890oF. 
S i m i l a r  s t r e n g t h s  were observed 
Examina t ion  o f  
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t h e  C C T  diagram i n  F i g .  2 i n d i c a t e s  t h a t  a f u l l y  m a r t e n s i t i c  
m i c r o s t r u c t u r e  i s  produced d u r i n g  t h e  i n i t i a l  coo l ing  c y c l e  f r o m '  
t h e  fused s t a t e .  
cools  a t  v i r t u a l l y  t h e  i d e n t i c a l  ra te . ,  The conclusion i s  
l o g i c a l l y  drawn t h a t  b o t h  t h e  i n i t i a l  a's.-deposited and t h e  
r e a u s t e n i t i z e d  weld metals  a r e  completely m a r t e n s i t i c ,  and t h a t  
t h e  s t r e n g t h s  i n  b o t h  cond i t ions  should be s i m i l a r .  The h i g h  
s t r e n g t h  l e v e l s  observed a l s o  s e r v e  a s  i n d i r e c t  p r o o f  t h a t  
m a r t e n s i t e  i s  p re sen t  s l i c e  t h e  t e n s i l e  s t r e n g t h  o f  a O . l % C  s t e e l  
f u l l y  quenched t o  m a r t e n s i t e  i s  r epor t ed  t o  b e  approximately 
180  ks i  ( 4 1 .  Elec t ron  micrographs o f  r e p l i c a s  a t  magni f ica t ions  
o f  3000X ( F i g s .  4 a n d  5 )  show t h e  40 k j / i n .  we1.d metal specimens 
i n  b o t h  t h e  as -depo$i ted  and as -depos i ted  p lus  189OoF r e a u s t e n i t i z e d  
cond i t ions  t o  have an extremely f i n e  a c i c u l a r  morphology a r rayed  
i n  t h e  pseudo- (111)  geometry i n d i c a t i v e  o f  the low-carbon 
m a r t e n s i t e  ( 5 ) .  
The sample heated t o  an 1890° peak tempera ture  
4 
The presence o f  a completely m a r t e n s i t i c  s t r u c t u r e  a f t e r  
b o t h  t h e  a s -depos i t ed  cool ing  cyc le  and t h e  189OoF peak tempera- 
t u r e  thermal cyc le  a l s o  i s  ev iden t  i n  F i g .  6 a ,  an i n v e r s e  cool ing  
r a t e  p l o t  o f  t h e  cool ing  cyc le  o f  t h e  189OoF thermal cyc le .  T h i s  
c l a s s i c  technique ( 6 )  enables  t h e  d e t e c t i o n  o f  exothermic phase 
changes o therwise  undetec tab le  by obse rva t ion  o f  convent ional  
cool ing  curves .  
a continuous decrease  i n  cool ing  r a t e  s h o w n  by a gradual i n c r e a s e  
The l l O O o  - 80OoF range o f  temperatu,re exper iences  
i n  t h e  l eng th  'of time t o  cool a f i x e d  number o f  degrees .  The 
marked change occur r ing  between 800 and 780° i n d i c a t e s  t he  occurrence 
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.of an exothermic phase t r ans fo rma t ion ,  t h i s  being t h e  formati-on 
o f  mar tens i t e .  
due  t o  t h e  cont inued formation o f  m a r t e n s i t e  and not t o  any new 
phase formation.  Therefore ,  t h e  as -depos i ted  cool ing  cyc le s  
must behave s i m i l a r l y  t o  t h e  a u s t e n i t i z i n g  c y c l e  j u s t  descr ibed  
s i n c e  t h e i r  coo l ing  r a t e s  a r e  e s s e n t i a l l y  i d e n t i c a l  
The f u r t h e r  p e r t u r b a t i o n  a t  74OoF i s  probably 
I 
4 
Exposure o f  t h e  r e a u s t e n i t i z e d  weld metal t o  a weld 
thermal c y c l e  w i t h  a peak temperature  o f  1365OF r e s u l t s  i n  l a r g e  
decreases  i n  b o t h  t h e  t e n s i l e  a n d  y i e l d  s t r e n g t h  t o  l e v e l s  of  
156 and 138 ks i ,  r e s p e c t i v e l y .  T h i s  i s  due t o  t h e  formation o f  
f e r r i t e  d u r i n g  t h e  p a r t i a l l y  a u s t e n i t i z i n g  hea t  t r e a t m e n t ,  a 
phenomenon a l s o  repor ted  ( 7 )  t o  occur  i n  low-carbon low-al loy 
s t e e l  weld h e a t - a f f e c t e d  zones.  The f e r r i t e  formed d u r i n g  t h e  
i n t e r c r i t i c a l  thermal c y c l e  appears  a s  r e l a t i v e l y  l a r g e ,  f e a t u r e -  
l e s s  mic rocons t i t uen t s  shown i n  Figs .  7a and 7b, e l e c t r o n  micro- 
graphs taken a t  magni f ica t ions  o f  3000X and 5500X, r e s p e c t i v e l y .  
Note t h a t  t h e  o v e r a l l  a c i c u l a r i t y  i s  r e t a i n e d  and t h a t  t h e  pr ior  
s t r u c t u r e  (shown i n  F i g .  5) d i sp layed  none o f  t h e s e  c o n s t i t u e n t s  
be l ieved  t o  be f e r r i t e .  A l i n e a l  a n a l y s i s  o f  t h e  a rea  f r a c t i o n  
o f  f e r r i t e  i n d i c a t e d  t h i s  phase t o  comprise approximately 55% 
o f  t h e  m i c r o s t r u c t u r e .  This amount i s  much lower than t h e  75 - 80% 
pred ic t ed  from t h e  convent ional  Fe-C me tas t ab le  phase diagram. . 
B u t  when t h e  e u t e c t o i d  composition and t h e  A1 - and A3-phase 
boundaries a r e  modified (8)  f o r  t h e  AX-140 composition, t h e  
presence o f  f e r r i t e  i n  t h e s e  q u a n t i t i e s  can be p red ic t ed  by 
convent ional  lever - law c a l c u l a t i o n s .  
47% 
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F i g s .  8 a  and 8 b  a r e  e lec t ron  micrographs taken a t  magnif ica- ,  
t i o n s  o f  5375X a n d  12,OOOX, resp*ec t ive ly ,  a f t e r  the  p a r t i a ' l l y -  
f e r r i t i c  weld m e t a l  was exposed t o  an a d d i t i o n a l  weld thermal 
c y c l e  w i t h  a peak temperature o f  895OF. 
these  micrographs i s  t h e  tempering e f f e c t  o f  t h e  895OF peak 
tempera ture  thermal c y c l e  a n d  the  resul tant  p r e c i p i t a t i o n  o f  
c a r b i d e s .  S i m i l a r  s t ruc tu res  were observed i n  specimens subse- 
quen t ly  subjec ted  t o  the 415 a n d  38OoF peak temperature thermal 
c y c l e s .  T e m p e r i n g  o f  t h e  martensi te  a n d  a g i n g  of t h e  supe r -  
C lea r ly  v i s ib l e  i n  b o t h  
J 
s a t u r a t e d  f e r r i t e  formed d u r i n g  t h e  r ap id  i n t e r c r i t i c a l  t rea tment  
are t h e  p r i n c i p a l  phenomena occur r ing  i n  t h i s  s e r i e s  o f  specimens, 
L e . ,  t h e  895, 415, a n d  38OoF peak temperature  thermal cyc le s .  
T h e  t e n s i l e  and y i e l d  s t r eng ths  observed showed some v a r i a b i l i t y ,  
however, no s i g n i  f i  c a n t  decreases were observed. 
I 
In f luence  o f  60 kj/in-300°F Weld Thermal Cycles 
The  mechanical p rope r t i e s  o f  v a r i o u s  regions o f  mu1  t i pas s  
welds made a t  60 k j / i n .  w i t h  3OO0F preheat  a r e  a l s o  shown i n  
Fig.  3. These a r e  s i g n i f i c a n t l y  weaker t h a n  equ iva len t  AX-140 
w e l d s  depos i t ed  a t  $0 k j / i n .  a n d  20OoF. 
t e n s i l e  a n d  y i e l d  s t rengths  a r e  169- a n d  152-ksi f o r  the  60 k j / i n -  
208OF weld metal  a s  compared t o  182- and 177-ksi f o r  t h e  f a s t e r -  
The as -depos i ted  
cooled  40 kj/ in-300°F weldment. 
diagram, t h e  d e c r e a s e  i n  s t rength i n  t h e  60 kj/in-300°F i s  d u e  
Based u p o n  t h e  cont inuous-cool ing 
t o  t h e  formation o f  f e r r i t e  a t  950 - l O O O O F ,  upper b a i n i t e  a t  
800"F, and m a r t e n s i t e  a t  780oF. T h u s ,  t h e  f i n a l  room tempera ture  
L p 8 G  
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m i c r o s t r u c t u r e  i s  comprised o f  f e r r i t e ,  upper b a i n i t e  and marten- 
s i t e .  T h i s  m i c r o s t r u c t u r e  i s  shown i n  F i g s .  9a and 9b. B o t h  
o f  t h e s e  e l e c t r o n  micrographs were taken a t  magn i f i ca t ions  o f  
5500X a n d  12,OOOX, re . spec t ive ly .  The r e l a t i v e  p ropor t ion  o f  
t h e s e  phases was n o t  determined due t o  t h e  e x t e n s i v e  and d i f -  
f i c u l t  me ta l log raph ic  e f f o r t  r equ i r ed .  However, i t  seems 
reasonable  t o  assume t h e  presence o f  more m a r t e n s i t e  than b a i n i t e  
i n  t h e s e  s t r u c t u r e s  s i n c e  t h e  d i f f u s i o n - c o n t r o l l e d  b a i n i t e  
‘ t r a n s f o r m a t i o n  occurs  f o r  on ly  2 t o  3 seconds prior t o  t h e  
J 
beginning o f  t h e  m a r t e n s i t e  t r ans fo rma t ion .  T h u s  i t  i s  u n l i k e l y  
t h a t  any l a r g e  amounts o f  upper b a i n i t e  could form. 
R e a u s t e n i t i z i n g  the  a s -depos i t ed  m i c r o s t r u c t u r e  a t  1900°F 
s i g n i f i c a n t l y  decreased  t h e  t e n s i l e -  and y i e l d - s t r e n g t h  t o  159- 
and 1 4 4 - k s i ,  r e s p e c t i v e l y .  The coo l ing  c y c l e  from t h e  1900°F 
peak tempera ture  is slower than t h e  i n i t i a l  coo l ing ,  t h u s  
p e r m i t t i n g  longe r  t imes t o  form b o t h  f e r r i t e  and b a i n i t e .  
Therefore ,  w h e n  compared t o  t h e  a s -depos i t ed  m i c r o s t r u c t u r e ,  
i t  i s  reasonable  t o  assume a l a r g e r  volume f r a c t i o n  o f  f e r r i t e  
and b a i n i t e  i n  t h e  o v e r a l l  s t r u c t u r e ,  and, t h u s  a lower s t r e n g t h .  
Typical e l e c t r o n  micrographs o f  t h i s  s t r u c t u r e  a r e  shown i n  
Figs .  10a and 1 0 b  a t  magn i f i ca t ions  o f  5500 and 13,OOOX, r e s p e c t i v e l y .  
Somewhat c o a r s e r ,  b u t  n e v e r t h e l e s s  s i m i l a r  f e a t u r e s  t o  t h o s e  o f  
t h e  a s -depos i t ed  s t r u c t u r e  a r e  v i s i b l e  i n  b o t h  micrographs s i n c e  
no m a j o r  d i f f e r e n c e s  i n  ‘ s t r u c t u r e  w o u l d  be p r e d i c t e d  from t h e  
weld m e t a l ’ s  t r ans fo rma t ion  c h a r a c t e r i s t i c s .  The presence of  
f e r r i t e  a l s o  was independent ly  confirmed wi th  t h e  inverse-cool ing-  
r a t e  a n a l y s i s  o f  t h e  1900°F peak tempera ture  thermal cyc le  a s  
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shown i n  F i g .  66 .  More s c a t t e r  i s  ev iden t  than i n  t h e  40 k j l i n -  
2 O O 0 F  curve,  b u t  a major  t r ans fo rma t ion  i s  c l e a r l y  a p p a r e n t  a t  
approximate1y,95O0F a s  i s  t he  mar t ens i t e  formation a t  approximately 
78OoF. These d a t a  v e r i f y  t h e  f e r r i * e  format'ion de t ec t ed  by 
means of  d i l a t o m e t r y .  
T h e  sample t r e a t e d  a t  19OOOF was p a r t i a l l y  r e a u s t e n i t i z e d  
w i t h  an a d d i t i o n a l  w e l d  thermal cyc le  h a v i n g  a peak temperature 
o f  1 4 O O O F .  This r e s u l t e d  i n  a continued l o s s  i n  b o t h  t e n s i l e  
I 
and y i e l d  s t r e n g t h  t o  l e v e l s  o f  145-  a n d  132-ks i ,  r e s p e c t i v e l y .  
A S  was t h e  case w i t h  t h e  40 kj/ in-200°F w e l d  metal ,  t h e  r e s u l t i n g  
mic ros t ruc tu re  c o n s i s t e d  o f  a p a r t i  a1 l y - t r a n s f o  rmed f e r r i t e -  
b a i n i t e  a n d / o r  m a r t e n s i t e  aggrega te  as  shown i n  F igs .  l l a  a n d  l l b .  
C l e a r l y  ev iden t  i n  t h e s e  e lec t romicrographs  a r e  f e r r i t i c - m i c r o -  
1 c o n s t i t u e n t s  d i spe r sed  i n  a b a i n i t e - m a r t e n s i t e  m a t r i x .  The a rea  
f r a c t i o n  f e r r i t e  was approximately 63% compared t o  t he  72% l e v e l  
p red ic t ed  on t h e  b a s i s  o f  a modified equ i l ib r ium diagram. 
Continued exposure o f  t h e  mixed f e r r i t e - b a i n i t e  micro- 
s t r u c t u r e  t o  t h r e e  more w e l d  thermal cyc les  h a v i n g  peak tempera- 
t u r e s  o f  995, 780 and 77OoF caused no s i g n i f i c a n t  change i n  
t e n s i l e  and y i e l d  s t r e n g t h s ,  t h e  f i n a l  l e v e l s  being 1 4 6 -  a n d  132- 
k s i ,  r e s p e c t i v e l y .  The mic ros t ruc tu res  produced a f t e r  each of  
t h e s e  hea t  t r ea tmen t s  show t h e  a n t i c i p a t e d  p r e c i p i t a t i o n  o f  
c a r b i d e s  r e s u l t i n g  from t h e  combined e f f e c t s  o f  tempering t h e  mar- 
t e n s i t e  and/or b a i n i t e  a n d  aging t h e  s u p e r s a t u r a t e d  f e r r i t e .  
Typical m i c r o s t r u c t u r e s  a r e  shown i n  F i g s .  1 2 a  a n d  1 2 b ,  e l e c t r o n  
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micrographs taken a t  magnifications o f  5375X a n d  1 2 , O O O X ,  respec- 
t i v e l y .  A g a i n ,  i n  s imi l a r  fashion t o  the behavior observed 
a f t e r  temperi;g t h e  lower energy-input weld metals, c lear  evidence 
o f  precipi ta t ion i s  present within b o t h  microconsti tuents,  a l t h o u g h  
no change i n  t e n s i l e  properties occurs. The resu l tan t  micro- 
s t ruc ture  i s ,  therefore ,  comprised o f  a mixture o f  tempered 
martensite a n d  baini te  together w i t h  aged f e r r i t e .  
- .  
J 
Summary o f  Weld Metal Reheat-Treatment Studies 
The r e su l t s  o f  mechanical t e s t s  o f  b o t h  s e r i e s  o f  weld 
metals indicate  t h e  marked influence of  b o t h  the i n i t i a l  weld 
cooling r a t e s  a n d  the subsequent heating cycles w h i c h  a f f ec t  the 
formation o f  f e r r i t e  i n  the microstructure a n d  properties o f  
i n d i v i d u a l  weld deposits.  
a n d  by inference,  any metallurgically-similar hi'gh-strength low- 
a l l o y  s tee l  weld metal when i n i t i a l l y  deposited a t  cooling ra tes  
su f f i c i en t ly  f a s t  t o  form martensite possesses a very h i g h  
strength a n d  i s  weakened s ign i f i can t ly  a f t e r  exposure t o  a 
These d a t a  have shown'that AX-140, 
s e r i e s  o f  weld thermal cycles h a v i n g .  peak temperatures between 
the upper a n d  lower c r i t i c a l  temperatures. 
C o n f i r m a t i o n  t h a t  conventionally-measured t e n s i l e  properties 
o f  multipass welds are  controlled by thermal  e f f ec t s  as described 
i n  t h e  r e su l t s  o f  t h i s  study i s  shown i n  Table 3 .  These d a t a  
compare typical ultimate t e n s i l e  strengths o f  multipass 2 - i n .  GMA 
weldments ( 9 )  w i t h  those o f  the miniature weld metal specimens 
subjected t o  the en t i r e  s e r i e s  o f  weld thermal cycles.  A 1 , t h o u g h  
483.5 
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t h e  d a t a  f o r  t h e  m u l t i p a s s  and t h e r m a l l y - c y c l e d  specimens d i f f e r  
by a p p r o x i m a t e l y  6%, a d i s c r e p a n c y  o f  t h i s  magn i tude i s  c o n s i d e r e d  
s m a l l  c o n s i d e r i n g  t h e  t y p e  o f  compar ison  b e i n g  made. * I t  was 
conc luded  t h a t  t h e  approach used i n  t h i s  i n v e s t i g a t i o n  t o  s y n t h e -  
s i z e  t h e  m i c r o s t r u c t u r a l  and mechan ica l  p r o p e r t y  changes o c c u r r i n g  
i n  u n d e r l y i n g  passes was v a l i d  and r e p r e s e n t s  w i t h  good. accu racy  
t h e  phenomena o c c u r r i n g  w i t h i n  an a c t u a l  weldment. S i n c e  t h e  
m u l t i p l i c i t y  o f  t h e r m a l  c y c l e s  canno t  be a v o i d e d  i n  a m u l t i p a s s  
weldment w i t h  t h e  e n s u i n g  f o r m a t i o n  o f  f e r r i t e ,  t h e  o n l y  s t r e n g t h -  
J 
l i m i t i n g  f a c t o r  l e f t  t o  t h e  c o n t r o l  o f  t h e  w e l d i n g  e n g i n e e r  o r  
m e t a l l u r g i s t  i s  t h e  f o r m a t i o n  o f  p r o e u t e c t o i d  f e r r i t e  d u r i n g  
i n i t i a l  c o o l i n g  o f  each w e l d  pass, i .e . ,  by  m a i n t a i n i n g  a maximum 
p r a c t i c a l  w e l d  c o o l i n g  r a t e .  I n  t h e  AX-140 system, o r  i n  any 
o t h e r  h i g h - s t r e n g t h  l o w - a l l o y  s t e e l  w e l d  metal ' ,  € h i s  i s  accompl ished 
1 by s p e c i f y i n g  maximum l e v e l s  o f  b o t h  energy  i n p u t  and p l a t e  
tempera tu re ,  t h e  adherence t o  wh ich  w i l l  i n s u r e  minimum w e l d  
meta l  s t r e n g t h  l e v e l s .  
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( 3 )  
( 9 )  
DORSCHU, *K.E. 
C o n t r o l  o f  C o o l i n g  Ra tes  i n  S t e e l  Weld M e t a l .  
W e l d i n g  J o u r n a l ,  4 8 ( 2 )  (1969) .  
CONNOR, L.P. e t  a1 
Deve lopment  o f  P rocedures  f o r  W e l d i n g  HY- l30(T)  S t e e l  
We1 d i n g  J o u r n a l  , 4 6 (  7 )  : 309s -321 s (1 967) .  
Deve lopment  of Specimen S i m u l a t i n g  Weld H e a t - A f f e c t e d - Z o n e s  
U e l d i n g  J o u r n a l ,  2 8 ( 1 1 ) :  534s - 546s (1949) .  
B A I N ,  E.C. and PAXTON, H.W. 
A l l o y i n g  E lements  i n  S t e e l .  
ASM, M e t a l s  Park ,  O h i o  (1966) .  
N I P P E S ,  E.F. and SAVAGE, W.F. 
I 
WAYMAN, C:M. 
I n t r o d u c t i o n  t o  t h e  C r y s t a l l o g r a p h y  o f  M a r t e n s i t i c  T r a n s -  
f o r m a t i o n s .  
N.Y. M a c M i l l a n  Company, 1964. 
P r i n c i p 1 e s o f Met a 1 1 o g r a p  h i c La bo r a t  o r y  P r a c t  i ce . 
N.Y., McGraw H i l l ,  1949. 
The M i c r o s t r u c t u r e  and No tch  Impac t  B e h a v i o r  o f  a Welded 
S t r u c t u r a . 1  S t e e l .  
W e l d i n g  J o u r n a l ,  4 5 ( 2 ) :  55s - 65s (1966) .  
E m p i r i c a l  Formulae  f o r  t h e  C a l c u l a t i o n  of Some T r a n s f o r m a t i o n  
Tempera tu res .  
KEHL, G.L. 
SAVAGE, W.F. and OWCZARSKI, 'W.A. 
ANDREWS, K.W. 
- JISI ,  J u l y  1965. pp. 721 - 727. 
DORSCHU, .K.E. 
HY-130/150 we ldments  : Summary r e p o r t  on t h e  deve lopment  
o f  f i l l e r  m e t a l s  and j o i n i n g  p r o c e d u r e s .  
A i r  R e d u c t i o n  Go,  I n c . ,  M u r r a y  H i l l ,  N.J. 
R e p o r t  t o  Bureau o f  S h i p s ,  C o n t r a c t  No. NObs 88540, SR007-01-01 , 
Task 853. 
RE-66-014-CRE-34 ( J a n u a r y  26, 1966) .  
-20- 
.. TABLE 1 
. GA{-METAL-ARC WELDING CONDITIONS FOR 2 - 1  
T H I C K  HY- l30(T)  WELDMENTS 
---- 
A i r c o  Weld No. 2444-1 7 2444-25 
* Energy i n p u t  ( k j / i n . )  
P r e h e a t / i  n t e r p a s s  ( O F )  
r 
~ C u r r e n t  (amp) 
VOI t a g e  ‘(DCRP) 
T r a v e l  Speed ( ipm)  
E l e c t r o d e  E x t e n s i o n  ( i n . )  
S h i e l d  Gas 
Wi re  D iamete r  ( i n . ) *  










A-2% O2 a t  50 c f h  







A-2% O2 a t  50 c f h  
1 /16  
195 
. *Wi re  f r o m  h e a t  1P0047 o f  AX-140 w e l d i n g  w i r e .  
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TABLE 2 
CHEMICAL ANALYSIS O F  HEAT-TREATED AX-140 




S i  
Mn 
N i  








Z r  





40 k j / i n - 2 0 0 ° F  . 60 k j / i n - 3 0 0 ° F  
We ld ing  C o n d i t i o n s  Weld ing  C o n d i t i o n s  
L- 
0.090 
, .  
! , 
. .  




































Note:  Abo ie  a n a l y s e s  o b t a i n e d  by vacuum s p e c t r o g r a p h i c  1 
a n a l y s i s  o f  samples o f  c h i p s  from each we ld  me ta l .  
. . . .  . , 'Y. .' 
'1, . . . . .  
.! 8. , ,.. , ,.. , -2.2 -' ' 
, .  
TABLE 3'  
4 
COMPARATIVE U L T I M A T E  T E N S I L E  STRENGTHS OF CONVENTIONAL 
AND THERMALLY-CYCLED WELD METAL T E N S I L E  SPECIMENS 
* 
Conventional B u l k  
We1 d Metal Specimens 
Thermally-cycled 
Specimens 
, Ultimate Tensi le  Strength [ k s i )  
40 KJ/ I N - 2 0 0 ° F  60 K J / I N - 3 0 0 ' F  
159 
150 
1 5 7  
144 
. . .  . . . .  . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  -. 
40 KJICN - 200°F 
60 KJ/IN - 300.F 
DEPOSITS 
LOW Dl LU TlON 
WELD PAD 
0.125 DIA. r 
AGE LENGTH 
- 
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